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Plays a Role in Huntington’s
Pathogenesis—A Hypothesis
Daniel A. Nissley and Edward P. O’Brien*
O’Brien Lab, Department of Chemistry, The Pennsylvania State University, University Park, PA, USA
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused
by the expansion of a CAG codon repeat region in the HTT gene’s first exon that results in
huntingtin protein aggregation and neuronal cell death. The development of therapeutic
treatments for HD is hindered by the fact that while the etiology and symptoms of HD are
understood, the molecular processes connecting this genotype to its phenotype remain
unclear. Here, we propose the novel hypothesis that the perturbation of a co-translational
process affects mutant huntingtin due to altered translation-elongation kinetics. These
altered kinetics arise from the shift of a proline-induced translational pause site away
from Htt’s localization sequence due to the expansion of the CAG-repeat segment
between the poly-proline and localization sequences. Motivation for this hypothesis
comes from recent experiments in the field of protein biogenesis that illustrate the critical
role that temporal coordination of co-translational processes plays in determining the
function, localization, and fate of proteins in cells. We show that our hypothesis is
consistent with various experimental observations concerning HD pathology, including
the dependence of the age of symptom onset on CAG repeat number. Finally, we suggest
three experiments to test our hypothesis.
Keywords: biophysics, Huntington’s disease, kinetics, neurodegenerative disease, protein aggregation,
translation, translation regulation, protein biogenesis
INTRODUCTION
Huntington’s disease is an autosomal dominant neurodegenerative disorder characterized by the
death of striatal neurons and the appearance of aggregates in the nuclei of a wide range of brain
tissues (Davies et al., 1997; Tobin and Signer, 2000). Physical symptoms of HD include chorea
(involuntary, dance-like motor function) and the dementia-like decline of mental faculties (Tobin
and Signer, 2000). The genetic cause of HD is the expansion of a CAG codon repeat in Exon 1 of
the HTT transcript; persons without HD have on average 19 CAG repeats, while individuals with
35 or more CAG repeats will develop HD symptoms over a typical lifespan (Squitieri et al., 1994;
Brinkman et al., 1997; Lee et al., 2012). Each additional CAG repeat beyond 35 results in the onset
of symptoms roughly 3 years sooner, with repeat lengths greater than 60 leading to acute juvenile
onset (Brinkman et al., 1997; Li and Li, 1998; Lee et al., 2012).
The pathogenesis of HD is most likely due to one or more of the aberrant gain-of-function
(Yano et al., 2014) or loss-of-function (Atwal et al., 2007) behaviors that have been identified for
mutant huntingtin (mHtt) or the HTT transcript. Understanding themechanism of pathogenesis is
significantly complicated by the fact that the normal function of wild-type huntingtin protein (Htt)
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is not agreed upon (Cattaneo et al., 2005). Htt is composed of,
starting from the N-terminus, a 17-amino acid localization signal
(denoted N17) (Maiuri et al., 2013) that allows for the targeting
of Htt to subcellular organelles including the Golgi apparatus,
endoplasmic reticulum, and mitochondria (Rockabrand et al.,
2007). Next in the sequence are 19 glutamines (Squitieri et al.,
1994; Brinkman et al., 1997) (poly-glutamine) encoded by CAG
codon repeats. Following the poly-glutamine region is a 38 amino
acid proline-rich region (poly-proline) which contains a total of
28 prolines, including continuous stretches of 10 and 11 prolines
(Crick et al., 2013). These three sequence elements of N17, the
poly-glutamine region, and the poly-proline region, constitute
Htt Exon 1 (Crick et al., 2013). The characteristic aggregates
observed in HD patients are primarily constituted by small
fragments of Htt Exon 1 that aremost likely generated by abortive
degradation attempts or the translation of an Exon 1-only mRNA
produced due to aberrant splicing (Suhr et al., 2001; Chow
et al., 2012; Sathasivam et al., 2013). Recent evidence suggests
that C-terminal mHtt fragments can also lead to toxic effects
by inhibiting the protein dynamin 1, leading to endoplasmic
reticulum stress (El-Daher et al., 2015). The remainder of the
3144 residues in Htt consist of approximately 40 HEAT repeats,
which are conserved helix-turn-helix structure motifs (Cattaneo
et al., 2005) each roughly 40 residues in length. The only
difference between the primary structure of mHtt and Htt, and
the genetic cause of HD pathology, is that mHtt contains an
expansion of the poly-glutamine region of Exon 1 to 35 or more
glutamines.
Since the discovery in 1993 that HD is caused by CAG-
repeat expansion in Htt Exon 1, no dominant hypothesis for HD
pathogenesis has emerged. Instead, many interrelated hypotheses
have been put forward that variously describe HD as the result
of dysfunction at the protein (Truant et al., 2006) or mRNA
(McLaughlin et al., 1996) level, to be associated with subcellular
organelles like the mitochondria (Yano et al., 2014) or systems
such as the ubiquitin-proteasome system (Chow et al., 2012), and
to be due to either loss- or gain-of-function (Gil and Rego, 2008).
Each of these hypotheses can explain some subset of the diverse
set of experimental observations of HD pathogenesis and mHtt
behavior, though the overall picture remains unclear. Despite
this complex and overlapping set of hypotheses, new hypotheses
continue to emerge that can explain more diverse, or previously
disparate, sets of observations.
Here, we propose the novel hypothesis that co-translational
processing plays a role in HD pathogenesis. This hypothesis
is motivated by recent experimental results demonstrating
that many of the behaviors of nascent proteins, including
their targeting and aggregation, can be altered by changes to
translation kinetics. We propose that a co-translational process
is perturbed for mHtt due to altered translation-elongation
kinetics downstream of N17. The magnitude of this perturbation
is directly proportional to the increase in the length of the
poly-glutamine sequence past Q35. Such perturbations to co-
translational processes have been shown to profoundly alter
downstream protein behavior, and the idea that there is a co-
translational element to Huntington’s pathogenesis is consistent
with the experimental literature. We describe the insights
gained from these studies and how they suggest a role for
co-translational processes in HD pathology. We show that
our hypothesis is consistent with a number of experimental
observations concerning mHtt behavior and HD pathogenesis.
We conclude by suggesting three experiments that directly test
key aspects of our hypothesis.
CO-TRANSLATIONAL PROCESSES
INFLUENCE POST-TRANSLATIONAL
PROTEIN BEHAVIOR
A number of processes involving nascent proteins take place
during protein synthesis. These processes are therefore referred
to as co-translational processes, and include domain folding
(Nicola et al., 1999; Komar, 2008), chaperone interactions (Gloge
et al., 2014), translocation (Walter and Johnson, 1994; Pechmann
et al., 2013), ubiquitination (Comyn et al., 2013; Duttler et al.,
2013), phosphorylation (Oh et al., 2010; Keshwani et al., 2012),
acetylation (Polevoda and Sherman, 2000), and glycosylation
(Ruiz-Canada et al., 2009). The rates at which different nascent
chain segments are synthesized can affect these co-translational
processes, leading to altered nascent protein behavior in a
cell (Zhang et al., 2009; Siller et al., 2010; Pechmann et al.,
2014). These co-translational processes appear to occur far
from equilibrium, such that the kinetics of translation can be
more important than thermodynamics in determining nascent
protein behavior (Nissley and O’Brien, 2014). Perturbations
to these temporally-coordinated co-translational processes can
result in deleterious downstream effects such as protein
mistargeting (Kramer et al., 2009) and aggregation (Cortazzo
et al., 2002). Most literature examples of codon-translation-
rate-dependent phenomena are from prokaryotic organisms,
such as E. coli. However, the timing of translation is also
critical for nascent protein behavior in eukaryotic cells (Nissley
and O’Brien, 2014). Eukaryotic cells contain homologs or
molecules that carry out similar functions to those which act
co-translationally in prokaryotes. Furthermore, the principles
of non-equilibrium systems that underlie these phenomena are
organism-independent (Nissley andO’Brien, 2014). For example,
human cells contain a chaperone system homologous to the
DnaJ/DnaK chaperone system that assists protein folding in
prokaryotes.
Nascent Chain Interactions with Auxiliary
Factors Depend on Nascent Chain Length
Recent studies have shown that the interactions of ribosome
nascent chain (RNC) complexes with targeting complexes
(Noriega et al., 2014), enzymes (Sandikci et al., 2013), and
chaperones (Rutkowska et al., 2008) are carefully orchestrated
in cells, and that their equilibrium affinities for translationally-
arrested RNCs depend sensitively on nascent chain length. For
example, the signal recognition particle (SRP), a universally-
conserved ribonucleoprotein that targets nascent proteins
for translocation into the ER by selectively interacting
with conserved signal sequences, interacts with RNCs in a
nascent-chain-length-dependent manner (Noriega et al., 2014).
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Experiments have shown that SRP binds strongest to arrested-
RNCs of between 75 and 95 amino acids in length; outside this
region, the dissociation constant increases 3- to 24-fold (Noriega
et al., 2014). Interactions between nascent chains and chaperones
have also been shown to depend on nascent chain length. Trigger
factor (TF) is a molecular chaperone in E. coli which assists
the folding of nascent proteins by binding the ribosome during
translation and shielding the nascent protein from aberrant
interactions (Maier et al., 2005; O’Brien et al., 2012), helping
to prevent misfolding and aggregation (Hoffmann et al., 2010).
Similar to SRP, RNC/TF interactions are also optimal within
a narrow range of nascent chain lengths, with a nearly 5-fold
decrease in TF’s dissociation constant for a RNC harboring a
100-residue nascent chain in comparison to a 23-residue nascent
chain (Rutkowska et al., 2008). Nascent chain length is a key
factor affecting these co-translational processes.
Co-Translational Folding and Downstream
Function Depend on
Translation-Elongation Rates
During continuous translation in vivo, the dwell time of a
ribosome at a given nascent chain length depends on the rate at
which the codon in the A-site is decoded into an amino acid. The
ribosome does not translate all codons at the same rate due to a
variety of molecular factors (Fluitt et al., 2007; Stadler and Fire,
2011; Pop et al., 2014), and the variability in codon translation
rates across an mRNA’s coding sequence is a key parameter
that modulates nascent protein behavior. Barral and co-workers
found that “optimizing” the codon sequence of firefly luciferase
(FL) by replacing rare codons (which are thought to translate
more slowly than average) with common synonymous codons
resulted in a ∼55% decrease in specific activity in vivo (Spencer
et al., 2012). In the case of the fast-translating FL transcript,
the decrease in specific activity was accompanied by an increase
in the amount of aggregated FL, suggesting that accelerating
translation decreased FL’s ability to acquire its correct structure
and perform its intended function. Codon translation rates have
also been shown to play a key role in regulating the structure
and function of the N. crassa clock protein FRQ (Zhou et al.,
2013). Optimization of the wild-type FRQ translation-rate profile
resulted in the abolishment of N. crassa’s circadian rhythm and
a two-fold decrease in FRQ’s ability to interact with a binding
partner, suggesting that changes to FRQ’s translation-rate profile
altered its structure and function.
The Co-Translational Targeting of Nascent
Proteins Depends on
Translation-Elongation Rates
Codon translation rates influence other co-translational
processes in addition to nascent protein structure acquisition.
The ability of SRP to target nascent chains for translocation
depends not only on its equilibrium affinity for conserved N-
terminal signal sequences measured on arrested-RNCs (Zhang
and Shan, 2012), but also on the rate at which the signal sequence
emerges from the exit tunnel during continuous synthesis in a
cell. Globally decreasing codon translation rates increases the
amount of protein that SRP successfully translocates into the ER
(Zhang and Shan, 2012). A bioinformatic analysis (Pechmann
et al., 2014) also revealed that “non-optimal” codons are
systematically enriched in the genomes of nine yeast species 35–
40 codons downstream of SRP signal sequences. The location of
this downstream region would result in translational slowdown
while the signal sequence is connected to the ribosome by a
35–40 amino acid linker, which corresponds to the approximate
length of the ribosome exit tunnel (Yusupov et al., 2001), such
that translation will be slowed just as the signal sequence emerges
from the tunnel and SRP is sterically permitted to interact with it.
This slowdown is presumed to give SRP more time to recognize
and bind the signal sequence, ensuring that the nascent protein
is successfully targeted to, and translocated into, the ER.
Polyproline Stretches Slow-Down
Translation Elongation
The molecular origin of the observed variability of codon
translation rates is complex, including factors such as cognate
tRNA concentrations, the chemical nature of the amino acid
being added to the nascent chain (i.e., the nature of the amino
acid in the A-site), and sequence motifs within the nascent chain
(Pavlov et al., 2008; Artieri and Fraser, 2014). For example, it
has been well-established that poly-proline regions slow down
translation. In vitro (Pavlov et al., 2008) and in vivo (Artieri and
Fraser, 2014) experiments have demonstrated that the ribosome
translates sequences of two or more prolines much slower than
the average global translation rate.
The results we have discussed highlight how critical the timing
of translation can be to co-translational phenomena and to
determining downstream protein behavior in a cell.
THE HYPOTHESIS: ALTERED
CO-TRANSLATIONAL PROCESSES
INVOLVING HUNTINGTIN PLAY A ROLE IN
HD PATHOLOGY
Our hypothesis for the contribution of co-translational processes
to HD pathogenesis naturally follows from these experimental
observations of protein biogenesis. In Htt, stretches of prolines
are optimally positioned 30–57 residues downstream of N17 to
slow translation-elongation when N17 has just been exposed
from the confines of the ribosome exit tunnel, which may also
be the optimal length at which the binding between a co-
translationally acting factor (CAF) and the nascent chain is
strongest (Figure 1). These proline residues are highly conserved,
being present in the huntingtin proteins of all higher vertebrates
(Cattaneo et al., 2005). This slowdown of translation provides
time for an as-yet-unidentified (and unlooked-for) CAF to
interact with the nascent chain and either help direct it to its
proper subcellular location or chemically modify the nascent
chain as needed for its function. In the case of mHtt, however,
the expanded poly-glutamine region, rather than the poly-proline
region, will be undergoing translation as the N17 sequence
emerges from the ribosome exit tunnel; translation of these
glutamines (encoded by CAG) is two- to six-fold faster than
translation of the prolines located at these same codon positions
in the wild-type (Pavlov et al., 2008; Artieri and Fraser, 2014),
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and the CAF will thus have less time to bind N17 at the strongest-
binding nascent chain lengths. A key concept in this hypothesis is
that for each additional CAG repeat added to the poly-glutamine
region there is a proportional decrease in the time available for
the CAF to bind N17 at the nascent-chain lengths for which it has
the strongest binding affinity at equilibrium. As a result, for each
additional CAG repeat a smaller fraction of mHtt will interact
with the CAF, andmore mHtt will therefore have the opportunity
to act aberrantly and form aggregates.
This hypothesis is consistent with nine key Experimental
Observations concerning HD and mHtt:
Experimental Observation 1: The brains of HD patients
contain protein aggregates in cell nuclei (DiFiglia et al.,
1997; Huang et al., 1999). The main constituents of these
characteristic aggregates are fragments of mHtt Exon 1 (Suhr
et al., 2001). In the cytosol, mHtt is targeted for degradation by
either chaperone-mediated autophagy (Qi and Zhang, 2013)
or the ubiquitin/proteasome system (UPS) (Chow et al., 2012).
Explanation 1:As the number of CAG repeats increases, more
mHtt is co-translationally misprocessed and directed to the
cytosol. The UPS’ ability to clear mHtt decreases over time
(Seo et al., 2004; Hunter et al., 2007), and it also has trouble
completely degrading proteins with repetitive sequence
elements like mHtt’s poly-glutamine region (Fishbain et al.,
2015). These problems with degradation combine with the
increased partitioning of mHtt into the cytosol to increase
the quantity of mHtt fragments in the cell, thereby making
it more likely that they may enter the nucleus and aggregate
or otherwise act aberrantly (Atwal et al., 2007). This increase
in cytosolic mHtt may also lead to an increase in the quantity
of C-terminal fragments that cause ER stress (El-Daher et al.,
2015).
Experimental Observation 2: Only persons with 35 or more
CAG repeats develop HD symptoms (Squitieri et al., 1994;
Brinkman et al., 1997; Lee et al., 2012).
Explanation 2: If nascent Htt contains >35 CAG repeats,
the poly-proline region is not positioned to slow translation
as N17 emerges from the ribosome exit tunnel. Inefficient
processing results due to decreased CAF binding, leading
to the accumulation of mHtt in the cytosol and subsequent
aggregation.
Experimental Observation 3: Each additional CAG repeat
beyond 35 speeds disease progression by roughly 3 years
(Squitieri et al., 1994; Brinkman et al., 1997; Lee et al., 2012).
Explanation 3: As the number of CAG repeats increases over
35, targeting becomes proportionally less efficient, impaired
by the decreased time available for the CAF to bindmHtt’s N17
sequence (see Figure 2). This decreased targeting efficiency
results in an increased flux of mHtt into the cytosol, increasing
the rate of aggregate formation.
Experimental Observation 4: N17 is required for the correct
targeting of Htt to subcellular organelles (Rockabrand et al.,
2007); the removal of N17 has been shown to completely
abolish the targeting of Htt to themitochondria, ER, and Golgi
apparatus.
Explanation 4: CAFs can be sequence specific (Zhang and
Shan, 2012), identifying motifs like conserved patterns of
hydrophobic and charged residues (Xia et al., 2003). If N17
is absent, then there is nothing for the CAF to recognize
and bind, resulting in the inefficient targeting of mHtt to
subcellular organelles (Rockabrand et al., 2007).
Experimental Observation 5: Removal of N17 leads to a large
increase in the rate of nuclear aggregate formation in a HD
mouse model, despite lower expression levels (Gu et al., 2015).
Explanation 5: Removal of N17 effectively abolishes targeting
of nascent Htt to subcellular organelles (see Experimental
Observation 4). The1N17 deletion mutant of mHtt therefore
remains in the cytosol for an extended period of time, further
burdening the UPS and speeding the formation of the Exon 1
fragments that form nuclear aggregates or of the C-terminal
fragments that induce ER stress (Suhr et al., 2001; El-Daher
et al., 2015).
Experimental Observation 6: The length of the poly-
glutamine region alters Htt targeting (Rockabrand et al.,
2007). Increasing the length of the poly-glutamine domain
from 25 to 97 Q’s reduces co-localization of the protein to the
mitochondria, ER, and Golgi by 4, 10, and 30%, respectively.
Explanation 6: Expansion of the poly-glutamine sequence
moves the poly-proline stretch further downstream,
disrupting the wild-type translation-elongation schedule.
Without the poly-proline region to slow translation at
the proper time, N17 is less likely to correctly interact
with a CAF, in turn reducing the amount of correctly
localized mHtt.
Experimental Observation 7: The presence of the poly-
proline region is critical for correct targeting (Rockabrand
et al., 2007). Removal of the poly-proline region reduces the
co-localization of the protein to the ER and Golgi by 30 and
25%, respectively.
Explanation 7: Complete removal of the poly-proline region
significantly perturbs the wild-type translation-rate profile of
Htt. There will be less time available for a CAF to interact
with N17, decreasing the probability of correct targeting and
downstream function.
Experimental Observation 8: Removal of the poly-proline
region is detrimental to spatial learning and memory in a
mouse model of HD (Neveklovska et al., 2012).
Explanantion 8: As described in Experimental Observation
7, removal of the poly-proline region leads to an increase
in the quantity of Htt which is unable to perform its
correct downstream function, leading to the observed disease
symptoms.
Experimental Observation 9: A fusion protein consisting of
the first 171 amino acids of Q125 mHtt attached to GFP has a
shorter soluble half-life than an analogous Htt171-GFP fusion
protein (Kaytor et al., 2004).
Explanation 9: This decreased solubility is due to perturbed
co-translational processing, which can result in poor targeting
to subcellular organelles that may increase aggregation
propensity and result in a decreased soluble half life (Cortazzo
et al., 2002).
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FIGURE 1 | The proposed co-translational mechanism of HD pathology. (1) A CAF (orange) recognizes N17 (blue rectangle) of nascent Htt (top, nascent
proteins shown in green, ribosome in gray). In the case of mHtt (bottom), the poly-proline region is not correctly positioned to slow translation as N17 emerges,
reducing the ability of the CAF to bind. (2) In the case of Htt, the CAF directs the subcellular localization of Htt to the Golgi, ER, and mitochondria. Enzymatic
modifications (not shown) may occur between targeting and localization, as is known to occur for some proteins in E. coli (Sandikci et al., 2013). mHtt is largely
directed to the cytosol, where proteolysis (3) produces short, Exon 1-containing fragments (short green line segments) that form amyloid. Proteolysis can also result in
C-terminal mHtt fragments that interfer with ER function (El-Daher et al., 2015).
Though other hypotheses for HD pathology can explain
different subsets of these observations, our hypothesis is the only
one (Zuccato et al., 2003; Cornett et al., 2005; Atwal et al., 2007;
Nalavade et al., 2013; Yano et al., 2014) that, to our knowledge,
is consistent with the experimentally-observed dependence of
proper Htt targeting on the presence of the N17, poly-glutamine,
and poly-proline sequence motifs. Our hypothesis is also unique
in offering a molecular explanation for why removal of the N17
or poly-proline sequences leads to the development of disease
symptoms.
OUR HYPOTHESIS IN THE CONTEXT OF
OTHER MECHANISMS THAT COULD
CONTRIBUTE TO mHtt PATHOLOGY
Many hypotheses have been proposed (McLaughlin et al.,
1996; Zuccato et al., 2003; Cornett et al., 2005; Atwal et al.,
2007; Rockabrand et al., 2007; Chow et al., 2012; Nalavade
et al., 2013; Yano et al., 2014) (a partial list) that can explain
different groupings of the nine experimental observations of
HD pathogenesis and Htt behavior we list above. We cannot
succinctly describe the full complexity of these interrelated
theories. However, given the complexity of HD pathogenesis, it
seems reasonable that each of these mechanisms has the potential
to contribute in some way to the disease phenotype.
None of the other hypotheses that offer explanations for
Experimental Observations 1–9 are mutually exclusive with the
model that we have described. For example, the hypothesis
that mHtt toxicity is mRNA-mediated (McLaughlin et al., 1996;
Nalavade et al., 2013) posits that large CAG-repeat lengths in
HTT can cause toxic downstream effects by forming a stable
mRNA hairpin that sequesters a diverse set of proteins. Our
co-translational hypothesis of HD pathogenesis can co-exist
with this hypothesis. Consider one implication of the RNA-
mediated hypothesis: at high values of NCAG a hairpin can form
in HTT that recruits various cellular factors, including protein
kinase R (PKR) (Peel, 2004). PKR is a double-stranded RNA-
dependent kinase that forms part of the cellular virus-defense
system, and its activation is associated with myriad downstream
cell stress and apoptosis events including the upregulation of
proteolysis machinery (Peel, 2004). Simultaneously, perturbation
of co-translational processes may increase the fraction of mHtt
directed to the cytosol (Figure 1), such that both processes
synergistically contribute to an increase in the quantity of
mHtt fragments observed in vivo. This explanation also
demonstrates the interplay between our hypothesis and the
hypothesis that proteolysis of mHtt is key to pathogenesis,
as perturbed co-translational interactions that increase the
amount of mHtt directed to the cytosol would also increase
the stress on the cell’s proteolysis machinery (Chow et al.,
2012).
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FIGURE 2 | A simple chemical-kinetic model explains how the age of onset of HD symptoms could arise from disruption of co-translational processing
of huntingtin. (A) The CAF is assumed to bind N17 irreversibly in the region of optimal binding with rate kon. (B) Within this model, the CAF can only bind when the
nascent Htt molecule is between 52 and 71 amino acids in length (i.e., when the ribosome starts translating the poly-proline region). (C) As NCAG increases the
number of glutamines (Q) in the binding region increases and the number of prolines (P) decreases, leading to a decrease in the time available for CAF binding (τAFB).
τAFB has units of τA (see Methods). (D) The fraction of Htt that is co-translationally misprocessed depends on τAFB and, thereby, on NCAG, as expressed by Equation
1. (E) The fraction of Htt which is misprocessed (fmp in Equation 1) strongly correlates with NCAG when realistic values for kon and CAF concentration are used (see
Methods for a complete description of Equation 1). (F) The age of HD symptom onset shows strong negative correlation with the fraction of Htt misprocessed
predicted by Equation 1. Age of onset vs. NCAG data were extracted from Figure 1C of Lee et al. (2012) with PlotDigitizer (plotdigitizer.sourceforge.net).
Repeat-associated non-ATG translation initiation of the
mHtt transcript may also be related to our co-translational
hypothesis. The frameshift created by this non-canonical
translation initiation process will alter the identity of the codons
being translated and also result in a nascent protein without
the N17 localization sequence (Nalavade et al., 2013). These
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two consequences of non-ATG translation initiation constitute
a significant alteration to codon elongation rates and co-
translational behavior that may contribute to HD pathology.
Consider also that our hypothesis is independent of the method
of mHtt fragment generation. Whether pathogenic fragments are
a result of proteolysis or of aberrant mRNA splicing of Exon1,
translation will still occur, and co-translational phenomena can
thus still be critical. Experiments have also shown that the MID1-
PP2A regulatory complex binds the mRNA hairpin formed by
the expanded CAG-repeat region of mutant HTT, increasing the
rate of translation initiation (Krauss et al., 2013). This increase
in translation initiation for the mutant transcript increases the
amount of mHtt translated, increasing the amount of protein
that may be co-translationally misprocessed according to our
hypothesis.
As previously mentioned, ours is the only hypothesis, to
our knowledge, that can explain the experimentally-observed
influence of the N17, poly-glutamine, and poly-proline regions
on the sub-cellular localization of Htt and mHtt, the large
increase in nuclear aggregation when N17 is deleted, and
the relationship between poly-proline deletion and various
negative effects (Experimental Observations 4–8). The ability
of our hypothesis to explain the large increase in aggregation
rate observed when mHtt lacking N17 is expressed in vivo
(Experimental Observation 5) is particularly important. In vitro
studies have demonstrated that the aggregation rate of purified
poly-glutamine segments increases as the number of poly-
glutamine residues increases (Scherzinger et al., 1999). Occam’s
Razor suggests, then, that our co-translational phenomenon
based hypothesis may be superfluous. However, this simpler
hypothesis cannot explain the observed increase in aggregation
in vivo upon N17 deletion, whereas our hypothesis can.
A KINETIC MODEL BASED ON THIS
HYPOTHESIS SUGGESTS WHY THE AGE
OF ONSET OF HD SYMPTOMS
NEGATIVELY CORRELATES WITH THE
NUMBER OF CAG REPEATS
We can express this hypothesis in terms of the chemical reaction
scheme shown in Figure 2A, in which we assume that a CAF only
binds nascent Htt in a narrow range of nascent chain lengths
with rate kon. This reaction scheme can be solved analytically
using the principles of chemical kinetics to give an equation
that estimates the change in the fraction of misprocessed nascent
mHtt (fmp) as the number of CAG repeats (NCAG) increases
above 35. By misprocessed we mean mHtt fails to interact with
the CAF; for the purposes of this simple model, we assume
that this co-translational interaction is an obligate step in Htt’s
normal protein maturation pathway. To derive this equation
we make the simplifying assumptions that (i) the binding of
the hypothesized CAF to N17 is irreversible in the region of
optimal binding, (ii) kon is non-zero from codon position 53,
when translation of the poly-proline region begins for Q35-
Htt, to codon position 72 (corresponding to nascent chain
lengths 52–71, see Figure 2B and Methods), and (iii) prolines
are translated twice as slowly as glutamines (Figure 2C and
Methods). Assumptions (ii) and (iii) have experimental support
in the literature, as described in the Methods. With these
assumptions, fmp (see Methods for a complete description of this
kineticmodel and its technical assumptions), which calculates the
relative fraction of Htt misprocessed at NCAG in comparison to
the amount misprocessed when NCAG = 35, can be expressed as
fmp(NCAG) = exp
[
−kon (τAFB (NCAG)− τAFB (35))
]
− 1. (1)
In Equation (1), τAFB is the total amount of time available
for CAF binding at the optimal nascent-chain binding lengths,
which is a function of NCAG (Figure 2C). As τAFB decreases the
fraction of misprocessed Htt increases (Figure 2D). Figure 2E
displays the results obtained from Equation (1) when a realistic
value for kon (see Methods) is used to calculate fmp for values
of NCAG from 40 to 53. We find that fmp strongly correlates
with NCAG
(
Pearson R2 = 0.996, p = 1× 10−15
)
. Furthermore,
we find that the experimentally-determined age of HD symptom
onset also strongly correlates with fmp (PearsonR
2
= 0.962, p =
7 × 10−10, Figure 2F). This latter correlation is consistent with
our hypothesis that a defect in a co-translational process plays
a role in HD pathogenesis. Strong correlations are also found
between our kinetic model and the age of onset data presented by
Brinkman et al. (1997) for NCAG values of 39–50 (fmp vs. NCAG:
Pearson R2 = 0.997, p = 7 × 10−14; Age of onset vs. fmp:
Pearson R2 = 0.958, p = 3 × 10−8, data not shown) (Brinkman
et al., 1997).
ON THE NATURE OF MISPROCESSING
With over 11 different co-translational processes potentially
acting on huntingtin, any one or more of them may be perturbed
by altered translation-elongation kinetics due to CAG expansion.
We believe, however, that the two most-likely culprits are (i)
altered co-translational phosphorylation of N17 by a CAF or (ii)
decreased binding of a CAF that targets Htt to its proper cellular
location.
Consider, for example, the influence that CAG-repeat
expansion could have on the phosphorylation of Htt at serine
positions S13 and S16 within N17 and, thereby, on downstream
Htt behavior such as membrane binding. Experiments have
demonstrated that the phosphorylation of these two serine
residues is important for the cellular localization of Htt
(Atwal et al., 2011; Maiuri et al., 2013) and also plays a
role in determining if Htt will be targeted for degradation
by the ubiquitin/proteasome system (UPS) (Thompson et al.,
2009). Critically, mHtt has also been experimentally shown
to have decreased levels of phosphorylation in comparison
to Htt (Atwal et al., 2011). Such changes in phosphorylation
state have been shown to influence the binding affinity of
peptides for membranes (Dehlin et al., 2008). Our hypothesis
can succinctly explain these observations. The N-terminal
location of S13 and S16 within huntingtin means that the time
available for co-translational phosphorylation will decrease as
the number of CAG repeats increases (see Figures 2C,D). In
the case of Htt, the poly-proline sequence is correctly placed
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to slow translation as N17 emerges, allowing time for the
phosphorylation of the serines and subsequent downstream
localization and function of Htt. In the case of mHtt, however,
co-translational phosphorylation is perturbed by the decrease in
time available for CAF binding introduced by the expansion of
the CAG-repeat region, resulting in a decrease in the fraction
of mHtt which is correctly phosphorylated and can perform its
correct downstream function. An analogous mechanism can be
postulated for each of the N-terminal processing events which
may affect Htt co-translationally, such as N-terminal acetylation
and phosphorylation of Thr3 (Aiken et al., 2009). It is important
to note that this example assumes N17 phosphorylation occurs
co-translationally; while there is evidence that this is the case for
some proteins (Oh et al., 2010; Keshwani et al., 2012), whether
or not Htt is co-translationally phosphorylated has not yet been
investigated.
TESTING THE CO-TRANSLATIONAL
MISPROCESSING HYPOTHESIS OF HD
PATHOLOGY
Though our hypothesis is consistent with a wide range of
experimental observations concerning HD pathogenesis, it
is based on a large body of circumstantial evidence from
the co-translational folding field. We therefore suggest three
experiments that would test this model. First and foremost, it
must be determined if a CAF engages Htt. This question can be
answered with a combination of pulse-chase labeling and cross-
linking assays. Pulse-chase assays have been used extensively
to study co-translational protein folding, as they provide the
ability to specifically visualize nascent proteins (Braakman et al.,
1991; Nicola et al., 1999), while chemical crosslinking has also
been used to capture RNC/CAF complexes in situ (Oh et al.,
2011). We suggest that these two techniques be combined
into a hybrid technique. A short pulse-period of radiolabel
incorporation (<1min) would be followed by a chase period
with unlabeled media containing a crosslinking agent (such as
dithiobis succinimidyl propionate Oh et al., 2011) to selectively
label nascent Htt and capture its interactions with any CAFs,
respectively. Similar methods utilizing the incorporation of non-
canonical amino acids into Htt followed by photo-crosslinking
(Mackinnon et al., 2007) or click chemistry (Dieterich et al.,
2007) to connect Htt to binding partners can also be envisioned,
though these methods require chemical modification of N17
that may alter the ability of potential binding partners to
recognize and bind Htt Exon 1 (Maiuri et al., 2013). The
experiment would conclude with size-dependent separation by
SDS-PAGE and gel visualization via phosphorimaging or with
mass spectrometry, depending on the technique used. Pending
the positive identification of a Htt/CAF interaction, the next
relevant question is whether this CAF preferentially binds Htt
over mHtt. This question can be straightforwardly answered via
the application of a number of different experimental techniques
for determining dissociation constants as well as the on and off
rates of RNC/CAF binding (Rutkowska et al., 2008).
Our hypothesis suggests that the amount of mHtt directed
to the cytosol (i.e., the amount of nascent protein that is
mistargeted or otherwise malfunctions and is available for
proteolysis) is greater than the amount of Htt directed to the
cytosol. Furthermore, our hypothesis predicts that the amount of
mHtt directed into the cytosol will be a monotonically-increasing
function of poly-glutamine length. Though the subcellular
localization of various Htt Exon 1 constructs has been previously
reported (Rockabrand et al., 2007), these data are not sufficient
to quantify the flux of Htt/mHtt into the cytosol. Similar
experiments could be designed utilizing separate fluorescent tags
for each relevant organelle (i.e., the Golgi, ER, andmitochondria)
as well as for the Htt construct. The fraction of cytosolic
protein at various times after the start of the experiment could
then be calculated by the difference between the total Htt-
associated fluorescence and the Htt-associated fluorescence that
co-localized with subcellular organelles.
CONCLUSION
We have described a novel hypothesis that presents possible
contributions to HD pathology due to perturbation of the
non-equilibrium phenomena of co-translational nascent-protein
processing. Within this model, N17 is the CAF binding site, the
poly-glutamine region acts as a linker connecting N17 to the
poly-proline region, and the poly-proline stretch acts as a brake
on translation elongation that facilitates N17-CAF interactions.
As the number of CAG repeats increases above 35, the poly-
proline stall site shifts further and further downstream of N17,
and due to the decreased time available for CAF binding, more
mHtt fails to be correctly co-translationally modified or targeted
and is therefore directed to the cytosol. In the cytosol, proteolysis
can result in the production of Exon 1 or C-terminal fragments
that form HD’s characteristic nuclear amyloid (Suhr et al., 2001;
Chow et al., 2012) or cause ER dysfunction (El-Daher et al.,
2015), respectively. There is precedence for such an effect for
other proteins; codon translation rates have been implicated as
causal factors in the development of some human cancers (Supek
et al., 2014; Zheng et al., 2014), cystic fibrosis (Bartoszewski
et al., 2010), and disparate drug transport functionalities between
synonymous mutant proteins (Kimchi-Sarfaty et al., 2007). Our
hypothesis is consistent with key observations of mHtt behavior
and HD pathology (Figures 1, 2). Furthermore, our hypothesis
is testable, and we have suggested a number of experiments that
do so.
Pending the identification of a CAF that interacts with
mHtt new therapeutic strategies can be explored based on
the idea of reducing the rate of poly-glutamine translation to
provide the needed time for CAF binding. Though we have
thoroughly investigated our co-translational hypothesis only
for HD, five other poly-glutamine proteins associated with
the neurodegenerative disorders SBMA, DRPLA, SCA-2, SCA-
3, and SCA-7 also contain poly-proline regions (The Uniprot
Consortium, 2015). Therefore, it is possible that these other
proteins might also have a contribution to their pathology due
to changes to co-translational phenomena upon poly-glutamine
expansion. However, given the differences between these other
poly-glutamine proteins and Htt, the specific form of this effect is
likely different. It is our hope that the novel perspective offered
in this paper will motivate experimentalists to further explore
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the molecular biophysics of HD pathology and any connection
to translation kinetics and nascent protein behavior.
METHODS
Derivation of Chemical-Kinetic Model for
Htt Misprocessing
CAF binding tends to be favored in a narrow range of nascent
chain lengths. For example, equilibrium binding data show that
SRP’s affinity for arrested RNCs is optimal within a ∼20 amino-
acid region (Noriega et al., 2014). Outside this optimal region, the
KD increases by 3- to 24-fold. Therefore, in our chemical kinetic
reaction scheme (Figures 2A,B) we allow CAF/N17 binding only
in a narrow range of nascent chain lengths by assuming that kon
is zero except between codon positions 53–72. We also assume
that koff is equal to zero, which approximates a binding process
that heavily favors association over dissociation in the region
of optimal binding. The ribosome first encounters the codons
encoding the poly-proline region at codon 53 in Htt with a 35-
residue poly-glutamine region. We therefore take position 53,
somewhat arbitrarily, as the start of the CAF binding region
(Figure 2B), which extends to codon position 72. Increasing
the width of this optimal-binding region does not influence
the results obtained in the calculation of Equation (1) (data
not shown). In reality, the nascent chain length regime over
which a CAF prefers to engage nascent Htt may be significantly
different than that which we use here. Under these assumptions
the amount of misprocessed Htt
(
Amp
)
can be expressed as a
function of the total time available for CAF binding (τAFB, the
dwell time of the RNC in the optimal-binding region). These
ideas are expressed mathematically in Equation (2).
Amp
(
τAFB(NCAG)
)
= Amp (τAFB = 0) ∗
exp
(
−konτAFB (NCAG)
)
(2)
Amp (τAFB = 0) is the amount of Htt misprocessed when there is
no time available for CAF binding. The value of τAFB depends
on NCAG and is the total time required by the ribosome to
decode codons i = 53 to i = 72 (Figure 2C). For simplicity,
we assume that there are two types of codons, faster-translating
codons, which are decoded in time τA, and slower-translating
codons, which are decoded in time 2τA (Figure 2C). Codons in
the poly-glutamine region are defined to be faster-translating,
while codons in the poly-proline region are defined to be slower-
translating. Thus, τAFB decreases by an increment of τA for
each CAG repeat past 35 (Figure 2C). Experimental reports
suggest that proline codons require between two and six times
longer to translate than the global average codon translation
time (Pavlov et al., 2008; Artieri and Fraser, 2014). Figures 2E,F
display the results when we use the smallest difference suggested
by the literature of a two-fold increase in translation time of
prolines. Equation 1 gives strong correlations when translation
times between 2τA and 6τA are used (data not shown). As NCAG
increases over 35 and τAFB decreases, the fraction of nascent Htt
which is incorrectly processed increases (Figure 2D). In order
to avoid the issue of estimating a value for Amp (τAFB = 0), we
consider instead the fraction of Htt which is misprocessed
(
fmp
)
at NCAG relative to the amount of Htt misprocessed at NCAG =
35,
fmp(NCAG) =
Amp (τAFB = 0)
[
exp
(
−konτAFB (NCAG)
)
−exp
(
−konτAFB (35)
)]
Amp (τAFB = 0) exp
(
−konτAFB (35)
) . (3)
Algebraic simplification of Equation (3) yields Equation (1),
which gives the fraction of misprocessed Htt as a function of
NCAG and does not depend on Amp (τAFB = 0). Equation (1) is
linear for small arguments of the exponential term. Consider the
power series expansion of exp (x),
exp (x) =
∞∑
n=0
xn
n!
= 1+ x+
x2
2!
+
x3
3!
+ . . . (4)
For values of x≪1, the n > 1 terms in Equation 4 are vanishingly
small, and exp (x) is reasonably linear. We also note that altering
the width and/or location of the optimal-binding region will alter
the range of NCAG values over which fmp is a monotonically-
increasing function. Once NCAG increases such that all codons
in the optimal-binding region encode Q and not P, τAFB is
minimized and fmp remains constant. With the sample numbers
used here, τAFB reaches aminimum value of 20 atNCAG = 55 (see
Figure 2C), such that fmpbecomes constant when NCAG ≥ 55.
Calculation of kon For the Chemical Kinetic
Model
Equation (1) requires a rate constant for CAF/RNC binding
in order to predict fmp. Binding rates are available in the
literature for several different CAFs, including trigger factor,
signal recognition particle, DnaK, and DnaJ. The rates reported
in the literature typically have units of M−1s−1, indicating a
dependence on both the cellular concentration of the CAF and
time. First, we selected the kon rate measured for DnaJ of
3.3 × 105 M−1s−1 (Powers et al., 2012). Next, we determined a
reasonable estimate for the intracellular concentration of DnaJ
in human cells. Finka and Goloubinoff (2013) recently reported
intracellular concentrations for 147 molecular chaperones in
HeLa cells. We generated a reasonable estimate of the DnaJ
intracellular concentration by taking the median of the cellular
concentrations of the subset of 109 chaperones which were
identified to be cytosolic or nuclear. This median value is
1.11× 10−7 M (assuming an average HeLa cell volume of 2600
µm3 Finka and Goloubinoff, 2013). Multiplying the on rate for
DnaJ by this concentration yields the in vivo kon estimate used in
Eq. 1 of 0.0366 s−1.
AUTHOR CONTRIBUTIONS
EO first proposed the hypothesis. DN and EO conducted the
research and wrote the manuscript.
FUNDING
This project was supported by a Human Frontiers in Science
Foundation program grant (RGP0038/2015).
Frontiers in Molecular Neuroscience | www.frontiersin.org 9 July 2016 | Volume 9 | Article 54
Nissley and O’Brien Co-Translational Hypothesis of Huntington’s Pathogenesis
REFERENCES
Aiken, C. T., Steffan, J. S., Guerrero, C. M., Khashwji, H., Lukacsovich, T.,
Simmons, D., et al. (2009). Phosphorylation of Threonine 3: implications for
huntingtin aggregation and neurotoxicity. J. Biol. Chem. 284, 29427–29436. doi:
10.1074/jbc.M109.013193
Artieri, C. G., and Fraser, H. B. (2014). Accounting for biases in riboprofiling
data indicates a major role for proline in stalling translation. Genome Res. 24,
2011–2021. doi: 10.1101/gr.175893.114
Atwal, R. S., Desmond, C. R., Caron, N., Maiuri, T., Xia, J., Sipione, S., et al. (2011).
Kinase inhibitors modulate huntingtin cell localization and toxicity.Nat. Chem.
Biol. 7, 453–460. doi: 10.1038/nchembio.582
Atwal, R. S., Xia, J., Pinchev, D., Taylor, J., Epand, R. M., and Truant, R. (2007).
Huntingtin has a membrane association signal that can modulate huntingtin
aggregation, nuclear entry and toxicity. Hum. Mol. Genet. 16, 2600–2615. doi:
10.1093/hmg/ddm217
Bartoszewski, R. A., Jablonsky,M., Bartoszewska, S., Stevenson, L., Dai, Q., Kappes,
J., et al. (2010). A synonymous single nucleotide polymorphism in DeltaF508
CFTR alters the secondary structure of the mRNA and the expression of
the mutant protein. J. Biol. Chem. 285, 28741–28748. doi: 10.1074/jbc.M110.
154575
Braakman, I., Hoover-Litty, H., Wagner, K. R., and Helenius, A. (1991). Folding
of influenza hemagglutinin in the endoplasmic reticulum. J. Cell Biol. 114,
401–411. doi: 10.1083/jcb.114.3.401
Brinkman, R. R., Mezei, M. M., Theilmann, J., Almqvist, E., and Hayden, M. R.
(1997). The likelihood of being affected with huntington disease by particular
age, for a specific cag size. Am. J. Hum. Genet. 60, 1202–1210.
Cattaneo, E., Zuccato, C., and Tartari, M. (2005). Normal huntingtin function: an
alternative approach to Huntington’s disease. Nat. Rev. Neurosci. 6, 919–930.
doi: 10.1038/nrn1806
Chow, W. N. V., Luk, H. W., Chan, H. Y. E., and Lau, K.-F. (2012).
Degradation of mutant huntingtin via the ubiquitin/proteasome system
is modulated by FE65. Biochem. J. 443, 681–689. doi: 10.1042/BJ201
12175
Comyn, S. A., Chan, G. T., andMayor, T. (2013). False start: cotranslational protein
ubiquitination and cytosolic protein quality control. J. Proteomics 100, 92–101.
doi: 10.1016/j.jprot.2013.08.005
Cornett, J., Cao, F., Wang, C.-E., Ross, C. A., Bates, G. P., Li, S.-H., et al. (2005).
Polyglutamine expansion of huntingtin impairs its nuclear export. Nat. Genet.
37, 198–204. doi: 10.1038/ng1503
Cortazzo, P., Cerveñansky, C., Marín, M., Reiss, C., Ehrlich, R., and Deana,
A. (2002). Silent mutations affect in vivo protein folding in Escherichia
coli. Biochem. Biophys. Res. Commun. 293, 537–541. doi: 10.1016/S0006-
291X(02)00226-
Crick, S. L., Ruff, K.M., Garai, K., Frieden, C., and Pappu, R. V. (2013). Unmasking
the roles of N- and C-terminal flanking sequences from exon 1 of huntingtin
as modulators of polyglutamine aggregation. Proc. Natl. Acad. Sci. U.S.A. 110,
20075–20080. doi: 10.1073/pnas.1320626110
Davies, S. W., Turmaine, M., Cozens, B. A., DiFiglia, M., Sharp, A. H., Ross, C.
A., et al. (1997). Formation of neuronal intranuclear inclusions underlies the
neurological dysfunction in mice transgenic for the HD mutation. Cell 90,
537–548.
Dehlin, E., Liu, J., Yun, S., Fox, E., Snyder, S., Gineste, C., et al. (2008). Regulation
of ghrelin structure and membrane binding by phosphorylation. Peptides 29,
904–911. doi: 10.1016/j.peptides.2008.02.001
Dieterich, D. C., Lee, J. J., Link, A. J., Graumann, J., Tirrell, D. A., and Schuman,
E. M. (2007). Labeling, detection and identification of newly synthesized
proteomes with bioorthogonal non-canonical amino-acid tagging. Nat. Protoc.
2, 532–540. doi: 10.1038/nprot.2007.52
DiFiglia, M., Sapp, E., Chase, K. O., Davies, S. W., Bates, G. P., Vonsattel, J. P.,
et al. (1997). Aggregation of huntingtin in neuronal intranuclear inclusions and
dystrophic neurites in brain. Science 277, 1990–1994.
Duttler, S., Pechmann, S., and Frydman, J. (2013). Principles of cotranslational
ubiquitination and quality control at the ribosome. Mol. Cell 50, 379–393. doi:
10.1016/j.molcel.2013.03.010
El-Daher, M.-T., Hangen, E., Bruyère, J., Poizat, G., Pardo, R., Bourg, N.,
et al. (2015). Huntingtin proteolysis releases non-polyQ fragments that cause
toxicity through dynamin 1 dysregulation. EMBO J. 34, 2255–2271. doi:
10.15252/embj.201490808
Finka, A., and Goloubinoff, P. (2013). Proteomic data from human cell cultures
refine mechanisms of chaperone-mediated protein homeostasis. Cell Stress
Chaperones 18, 591–605. doi: 10.1007/s12192-013-0413-3
Fishbain, S., Inobe, T., Israeli, E., Chavali, S., Yu, H., Kago, G., et al. (2015).
Sequence composition of disordered regions fine-tunes protein half-life. Nat.
Struct. Mol. Biol. 22, 214–221. doi: 10.1038/nsmb.2958
Fluitt, A., Pienaar, E., and Viljoen, H. (2007). Ribosome kinetics and aa-tRNA
competition determine rate and fidelity of peptide synthesis. Comput. Biol.
Chem. 31, 335–346. doi: 10.1016/j.compbiolchem.2007.07.003
Gil, J. M., and Rego, A. C. (2008). Mechanisms of neurodegeneration in
Huntington’s disease. Eur. J. Neurosci. 27, 2803–2820. doi: 10.1111/j.1460-
9568.2008.06310.x
Gloge, F., Becker, A. H., Kramer, G., and Bukau, B. (2014). Co-translational
mechanisms of protein maturation. Curr. Opin. Struct. Biol. 24, 24–33. doi:
10.1016/j.sbi.2013.11.004
Gu, X., Cantle, J. P., Greiner, E., Lee, C., Barth, A., Gao, F., et al. (2015). N17
modifies mutant huntingtin nuclear pathogenesis and severity of disease in hd
bac transgenic mice. Neuron 85, 726–741. doi: 10.1016/j.neuron.2015.01.008
Hoffmann, A., Bukau, B., and Kramer, G. (2010). Structure and function of the
molecular chaperone Trigger Factor. Biochim. Biophys.Acta 1803, 650–661. doi:
10.1016/j.bbamcr.2010.01.017
Huang, C. C., Faber, P. W., Persichetti, F., Mittal, V., Vonsattel, J., Macdonald,
M. E., et al. (1999). Amyloid formation by mutant huntingtin: threshold,
progressivity and recruitment of normal polyglutamine proteins. Somat. Cell
Mol. Genet. 24, 217–233.
Hunter, J. M., Lesort, M., and Johnson, G. V. W. (2007). Ubiquitin-proteasome
system alterations in a striatal cell model of Huntington’s disease. J. Neurosci.
Res. 85, 1774–1788. doi: 10.1002/jnr.21287
Kaytor, M. D., Wilkinson, K. D., and Warren, S. T. (2004). Modulating huntingtin
half-life alters polyglutamine-dependent aggregate formation and cell toxicity.
J. Neurochem. 89, 962–973. doi: 10.1111/j.1471-4159.2004.02376.x
Keshwani, M. M., Klammt, C., von Daake, S., Ma, Y., Kornev, A. P., Choe, S., et al.
(2012). Cotranslational cis-phosphorylation of the COOH-terminal tail is a key
priming step in the maturation of cAMP-dependent protein kinase. Proc. Natl.
Acad. Sci. U.S.A. 109, E1221–E1229. doi: 10.1073/pnas.1202741109
Kimchi-Sarfaty, C., Oh, J. M., Kim, I., Sauna, Z. E., Maria, A., Ambudkar, S. V.,
et al. (2007). A “silent” polymorphism in the MDR1 gene changes substrate
specificity. Science 315, 525–528. doi: 10.1126/science.1135308
Komar, A. A. (2008). A pause for thought along the co-translational folding
pathway. Trends Biochem. Sci. 34, 16–24. doi: 10.1016/j.tibs.2008.10.002
Kramer, G., Boehringer, D., Ban, N., and Bukau, B. (2009). The ribosome
as a platform for co-translational processing, folding and targeting of
newly synthesized proteins. Nat. Struct. Mol. Biol. 16, 589–597. doi:
10.1038/nsmb.1614
Krauss, S., Griesche, N., Jastrzebska, E., Chen, C., Dorn, S., Boesch, S. M.,
et al. (2013). Translation of HTT mRNA with expanded CAG repeats is
regulated by the MID1–PP2A protein complex. Nat. Commun. 4, 1511. doi:
10.1038/ncomms2514
Lee, J., Ramos, E. M., Lee, J., Gillis, T., Mysore, J., Hayden, M., et al.
(2012). CAG repeat expansion in Huntington disease determines age
at onset in a fully dominant fashion. Neurology 78, 690–695. doi:
10.1212/WNL.0b013e318249f683
Li, S.-H., and Li, X.-J. (1998). Aggregation of N-terminal huntingtin is dependent
on the length of its glutamine repeats. Hum. Mol. Genet. 7, 777–782.
Mackinnon, A. L., Garrison, J. L., Hegde, R. S., and Taunton, J. (2007). Photo-
leucine incorporation reveals the target of a cyclodepsipeptide inhibitor
of cotranslational translocation. J. Am. Chem. Soc. 129, 14560–14561. doi:
10.1021/ja076250y
Maier, T., Ferbitz, L., Deuerling, E., and Ban, N. (2005). A cradle for new proteins:
trigger factor at the ribosome. Curr. Opin. Struct. Biol. 15, 204–212. doi:
10.1016/j.sbi.2005.03.005
Maiuri, T., Woloshansky, T., Xia, J., and Truant, R. (2013). The huntingtin N17
domain is a multifunctional CRM1 and Ran-dependent nuclear and cilial
export signal. Hum. Mol. Genet. 22, 1383–1394. doi: 10.1093/hmg/dds554
McLaughlin, B. A., Spencer, C., and Eberwine, J. (1996). CAG trinucleotide rna
repeats interact with rna-binding proteins. Am. J. Hum. Genet. 59, 561–569.
Nalavade, R., Griesche, N., Ryan, D. P., Hildebrand, S., and Krauss, S. (2013).
Mechanisms of RNA-induced toxicity in CAG repeat disorders. Cell Death Dis.
4:e752. doi: 10.1038/cddis.2013.276
Frontiers in Molecular Neuroscience | www.frontiersin.org 10 July 2016 | Volume 9 | Article 54
Nissley and O’Brien Co-Translational Hypothesis of Huntington’s Pathogenesis
Neveklovska, M., Clabough, E. B. D., Steffan, J. S., and Zeitlin, S. O. (2012).
Deletion of the huntingtin proline-rich region does not significantly affect
normal huntingtin function in mice. J. Huntington’s Dis. I. 1, 71–87. doi:
10.3233/JHD-2012-120016
Nicola, A., Chen, W., and Helenius, A. (1999). Co-translational folding of an
alphavirus capsid protein in the cytosol of living cells.Nat. Cell Biol. 1, 341–345.
Nissley, D. A., and O’Brien, E. P. (2014). Timing is everything: unifying codon
translation rates and nascent proteome behavior. J. Am. Chem. Soc. 136,
17892–17898. doi: 10.1021/ja510082j
Noriega, T. R., Tsai, A., Elvekrog, M. M., Petrov, A., Neher, S. B., Chen, J., et al.
(2014). Signal recognition particle-ribosome binding is sensitive to nascent
chain length. J. Biol. Chem. 289, 19294–19305. doi: 10.1074/jbc.M114.563239
O’Brien, E. P., Christodoulou, J., Vendruscolo, M., and Dobson, C. M.
(2012). Trigger factor slows co-translational folding through kinetic
trapping while sterically protecting the nascent chain from aberrant
cytosolic interactions. J. Am. Chem. Soc.134, 10920–10932. doi: 10.1021/
ja302305u
Oh, E., Becker, A. H., Sandikci, A., Huber, D., Chaba, R., Gloge, F., et al. (2011).
Selective ribosome profiling reveals the cotranslational chaperone action of
trigger factor in vivo. Cell 147, 1295–1308. doi: 10.1016/j.cell.2011.10.044
Oh, W. J., Wu, C., Kim, S. J., Facchinetti, V., Julien, L.-A., Finlan, M., et al.
(2010). mTORC2 can associate with ribosomes to promote cotranslational
phosphorylation and stability of nascent Akt polypeptide. EMBO J. 29,
3939–3951. doi: 10.1038/emboj.2010.271
Pavlov, M. Y., Watts, R. E., Tan, Z., Cornish, V. W., Ehrenberg, M., and
Forster, A. C. (2008). Slow peptide bond formation by proline and other N-
alkylamino acids in translation. Proc. Natl. Acad. Sci. U.S.A. 106, 50–54. doi:
10.1073/pnas.0809211106
Pechmann, S., Chartron, J. W., and Frydman, J. (2014). Local slowdown of
translation by nonoptimal codons promotes nascent-chain recognition by SRP
in vivo. Nat. Struct. Mol. Biol. 21, 1100–1105. doi: 10.1038/nsmb.2919
Pechmann, S., Willmund, F., and Frydman, J. (2013). The ribosome
as a hub for protein quality control. Mol. Cell. 49, 411–421. doi:
10.1016/j.molcel.2013.01.020
Peel, A. L. (2004). PKR activation in neurodegenerative disease. J. Neuropathol.
Exp. Neurol. 63, 97–105. doi: 10.1093/jnen/63.2.97
Polevoda, B., and Sherman, F. (2000). Nalpha-terminal acetylation of eukaryotic
proteins. J. Biol. Chem. 275, 36479–36482. doi: 10.1074/jbc.R000023200
Pop, C., Rouskin, S., Ingolia, N. T., Han, L., Phizicky, E. M., Weissman, J.
S., et al. (2014). Causal signals between codon bias, mRNA structure, and
the efficiency of translation and elongation. Mol. Syst. Biol. 10, 770. doi:
10.15252/msb.20145524
Powers, E. T., Powers, D. L., and Gierasch, L. M. (2012). FoldEco: a model for
proteostasis in E. coli. Cell Rep. 1, 265–276. doi: 10.1016/j.celrep.2012.02.011
Qi, L., and Zhang, X. (2013). Role of chaperone-mediated autophagy in degrading
Huntington’s disease-associated huntingtin protein.Acta Biochim. Biophys. Sin.
46, 83–91. doi: 10.1093/abbs/gmt133
Rockabrand, E., Slepko, N., Pantalone, A., Nukala, V. N., Kazantsev, A., Marsh, J.
L., et al. (2007). The first 17 amino acids of Huntingtin modulate its sub-cellular
localization, aggregation and effects on calcium homeostasis.Hum. Mol. Genet.
16, 61–77. doi: 10.1093/hmg/ddl440
Ruiz-Canada, C., Kelleher, D. J., and Gilmore, R. (2009). Co-translational and
post-translational N-glycosylation of polypeptides by distinct mammalian OST
isoforms. Cell 136, 272–283. doi: 10.1016/j.cell.2008.11.047
Rutkowska, A., Mayer, M. P., Hoffmann, A., Merz, F., Zachmann-Brand,
B., Schaffitzel, C., et al. (2008). Dynamics of trigger factor interaction
with translating ribosomes. J. Biol. Chem. 283, 4124–4132. doi:
10.1074/jbc.M708294200
Sandikci, A., Gloge, F., Martinez, M., Mayer, M. P., Wade, R., Bukau, B., et al.
(2013). Dynamic enzyme docking to the ribosome coordinates N-terminal
processing with polypeptide folding. Nat. Struct. Mol. Biol. 20, 843–850. doi:
10.1038/nsmb.2615
Sathasivam, K., Neueder, A., Gipson, T. A., Landles, C., Benjamin, A. C.,
Bondulich, M. K., et al. (2013). Aberrant splicing of HTT generates the
pathogenic exon 1 protein in Huntington disease. Proc. Natl. Acad. Sci. U.S.A.
110, 2366–2370. doi: 10.1073/pnas.1221891110
Scherzinger, E., Sittler, A., Schweiger, K., Heiser, V., Lurz, R., Hasenbank, R., et al.
(1999). Self-assembly of polyglutamine-containing huntingtin fragments into
amyloid-like fibrils?: implications for Huntington’s disease pathology. Proc.
Natl. Acad. Sci. U.S.A. 96, 4604–4609.
Seo, H., Sonntag, K.-C., and Isacson, O. (2004). Generalized brain and skin
proteasome inhibition in Huntington’s disease. Ann. Neurol. 56, 319–328. doi:
10.1002/ana.20207
Siller, E., DeZwaan, D. C., Anderson, J. F., Freeman, B. C., and Barral, J. M.
(2010). Slowing bacterial translation speed enhances eukaryotic protein folding
efficiency. J. Mol. Biol. 396, 1310–1318. doi: 10.1016/j.jmb.2009.12.042
Spencer, P. S., Siller, E., Anderson, J. F., and Barral, J. M. (2012). Silent substitutions
predictably alter translation elongation rates and protein folding efficiencies.
J. Mol. Biol. 422, 328–335. doi: 10.1016/j.jmb.2012.06.010
Squitieri, F., Andrew, S. E., Goldberg, Y. P., Kremer, B., Spence, N., Zeisler, J.,
et al. (1994). DNA haplotype analysis of Huntington disease reveals clues to
the origins and mechanisms of CAG expansion and reasons for geographic
variations of prevalence. Hum. Mol. Genet. 3, 2103–2114.
Stadler, M., and Fire, A. (2011). Wobble base-pairing slows in vivo translation
elongation in metazoans. RNA 17, 2063–2073. doi: 10.1261/rna.02890211
Suhr, S. T., Senut, M.-C., Whitelegge, J. P., Faull, K. F., Cuizon, D. B., and
Gage, F. H. (2001). Identities of sequestered proteins in aggregates from
cells with induced polyglutamine expression. J. Cell Biol. 153, 283–294. doi:
10.1083/jcb.153.2.283
Supek, F., Miñana, B., Valcárcel, J., Gabaldón, T., and Lehner, B. (2014).
Synonymous mutations frequently act as driver mutations in human cancers.
Cell 156, 1324–1335. doi: 10.1016/j.cell.2014.01.051
Thompson, L. M., Aiken, C. T., Kaltenbach, L. S., Agrawal, N., Illes, K.,
Khoshnan, A., et al. (2009). IKK phosphorylates Huntingtin and targets it for
degradation by the proteasome and lysosome. J. Cell Biol. 187, 1083–1099. doi:
10.1083/jcb.200909067
Tobin, A. J., and Signer, E. R. (2000). Huntington’s disease: the challenge for cell
biologists. Trends Cell Biol. 10, 531–536. doi: 10.1016/S0962-8924(00)01853-5
Truant, R., Atwal, R., and Burtnik, A. (2006). Hypothesis: huntingtin may function
in membrane association and vesicular trafficking. Biochem. Cell Biol. 84,
912–917. doi: 10.1139/o06-181
The Uniprot Consortium (2015). UniProt: a hub for protein information. Nucleic
Acids Res. 43, 204–212. doi: 10.1093/nar/gku989
Walter, P., and Johnson, A. E. (1994). Signal sequence recognition and protein
targeting to the endoplasmic reticulum membrane. Annu. Rev. Cell Biol. 10,
87–119. doi: 10.1146/annurev.cb.10.110194.000511
Xia, J., Lee, D., Taylor, J., Vandelft, M., and Truant, R. (2003). Huntingtin contains
a highly conserved nuclear export signal.Hum. Mol. Genet. 12, 1393–1403. doi:
10.1093/hmg/ddg156
Yano, H., Baranov, S., Baranova, O., Kim, J., Pan, Y., Yablonska, S., et al.
(2014). Inhibition of mitochondrial protein import by mutant huntingtin. Nat.
Neurosci. 17, 822–831. doi: 10.1038/nn.3721
Yusupov, M. M., Yusupova, G. Z., Baucom, A., Lieberman, K., Earnest, T. N., Cate,
J. H., et al. (2001). Crystal structure of the ribosome at 5.5 A resolution. Science
292, 883–896. doi: 10.1126/science.1060089
Zhang, D., and Shan, S. (2012). Translation elongation regulates substrate
selection by the signal recognition particle. J. Biol. Chem. 287, 7652–7660. doi:
10.1074/jbc.M111.325001
Zhang, G., Hubalewska, M., and Ignatova, Z. (2009). Transient ribosomal
attenuation coordinates protein synthesis and co-translational folding. Nat.
Struct. Mol. Biol. 16, 274–280. doi: 10.1038/nsmb.1554
Zheng, S., Kim, H., and Verhaak, R. G. W. (2014). Silent mutations make some
noise. Cell 156, 1129–1131. doi: 10.1016/j.cell.2014.02.037
Zhou, M., Guo, J., Cha, J., Chae, M., Chen, S., Barral, J. M., et al. (2013). Non-
optimal codon usage affects expression, structure and function of clock protein
FRQ. Nature 495, 111–115. doi: 10.1038/nature11833
Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., et al.
(2003). Huntingtin interacts with REST/NRSF to modulate the transcription of
NRSE-controlled neuronal genes. Nat. Genet. 35, 76–83. doi: 10.1038/ng1219
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Nissley and O’Brien. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 11 July 2016 | Volume 9 | Article 54
